Purpose. Two natural epidemic biotypes of Vibrio cholerae O1, classical and El Tor, exhibit different patterns of sensitivity against the antimicrobial peptide polymyxin B. This difference in sensitivity has been one of the major markers in biotype classification system for several decades. A recent report regarding the emergence of polymyxin B-sensitive El Tor V. cholerae O1 in Kolkata has motivated us to track the spread of the strains containing this important trait, along with Haitian-like genetic content, in different parts of India.
INTRODUCTION
The epidemiology of global cholera has gone through subtle periodic changes. This waterborne disease is still a severe peril in developing countries, especially in Asia and Africa, because of their poor sanitation systems and unsafe drinking water [1, 2] . The epidemic of cholera in Haiti affected more than 0.8 million people, with around 8000 deaths, and brought this ancient menace to the forefront of public health programmes [3, 4] . Of late, war-torn Yemen has been facing one of the world's most catastrophic cholera outbreaks. This outbreak quickly surpassed the one in Haiti to become the largest documented cholera epidemic of modern times. In just 6 months, the total number of cholera cases in Yemen exceeded that in Haiti between 2010 and 2017. Around 1.1 million suspected cholera cases (attack rate 69 %) and 2385 deaths (case fatality risk 0.22 %) were reported countrywide between 28 September 2016 and 12 March 2018 [5] .
The Gram-negative bacterium Vibrio cholerae is accountable for this life-threatening disease and different pathogenic and non-pathogenic forms have emerged that differ in their virulence and genetic background [6, 7] . V. cholerae has been differentiated into more than 200 serogroups, based on lipopolysaccharide content, and of these only O1 and O139 cause epidemic cholera [8] [9] [10] . Serogroup O1 has two biotypes, namely classical and El Tor [11] . Seven cholera pandemics have been recorded in history. The first six are supposed to have been caused by the classical biotype and the seventh ongoing pandemic is caused by the El Tor biotype [12] . The two biotypes differ in their phenotypic and genetic characteristics, along with their expression of virulence. The classical biotype is capable of causing more severe disease compared to El Tor. The El Tor biotype has robust fitness in the environment and, probably because of this, the classical biotype has been replaced by the El Tor biotype [1, 6] .
The classical and El Tor biotypes are differentiated on the basis of several laboratory-based phenotypic assays, such as sheep blood haemolysis, chicken cell agglutination, the Voges-Proskauer (VP) test and the polymyxin B susceptibility test, as conducted and reported by Chatterjee et al. and Kay et al. [13, 14] . Among these, the polymyxin B susceptibility test is a very consistent phenotypic test that has been used to discriminate between the two biotypes. This cationic antimicrobial peptide binds to the lipid layer of the Gram-negative outer membrane and alters the net charge, which is followed by pore formation in the outer membrane and then an increase in membrane permeability [15] . Resistant strains have a modified lipid layer of their outer membrane and resist the binding of polymyxin B to their surface. Earlier studies reported that amino acid glycine or di-glycine residues bind to the fatty acyl chain on the lipid moiety of the outer membrane using a two-component modification system [16] . This then reduces the net negative charge and thereby polymyxin B binding [16, 17] . Thus, the classical biotype was sensitive to polymyxin B (50 U), whereas the El Tor biotype was resistant.
However, this well-established classification system based upon polymyxin B susceptibility may be in need of revision after the emergence of polymyxin B-sensitive El Tor V. cholerae in Kolkata, India was reported [18] . Here, we report the upsurge and spread of polymyxin B-sensitive V. cholerae O1 harbouring Haitian genetic traits in different regions of India.
METHODS
Bacteria and growth conditions V. cholerae strains were collected from different places in India, covering the major part of the country. Strains O395 and N16961 were used as classical and El Tor controls, respectively, in all tests performed. All the clinical strains were grown on thiosulfate-citrate-bile salts-sucrose (TCBS) agar media (Oxoid, UK) to select typical V. cholerae and sub-cultured in Luria-Bertani (LB) broth and/or on LB agar (Difco, BD, USA) plates. Kirby-Bauer disc diffusion assay was carried out on Mueller-Hinton agar (MHA) (Difco, BD, USA). All the incubations were carried out at 37 C.
Oxidase and string test 24-48 h old cultures from LB agar plates were picked in small quantities with a toothpick and rubbed on blotting paper saturated with oxidase reagent (Himedia, India).
Oxidase-positive species develop deep blue to purple colour in less than 10 s. In the case of the string test, a small quantity of culture was picked and placed over a clean glass slide. Then 0.5 % aqueous sodium deoxycholate solution was added to it and mixed properly. A viscous threadlike mass was observed within a few seconds of mixing when an inoculation loop was drawn through it, thus indicating a stringpositive reaction [19] .
Slide agglutination test with O1-specific polyvalent antisera All the strains were checked for slide agglutination to confirm their serogroup with polyvalent O1-specific antisera according to manufacturer's instructions (Denka Seiken, Japan).
Polymyxin B (50 U) susceptibility was checked using the Kirby-Bauer disc diffusion method Strains were grown in tryptic soy broth (TSB) (Difco, BD, USA) to an OD 620 nm of between 0.08 and 0.13 (0.5 McFarland standard) and spread over MHA plates. After 5 min, polymyxin B (50U) discs (Himedia, India) were placed on them and incubated for 20-24 h at 37 C [20] . The reference strain ATCC 25922 (Escherichia coli) was used as a standard control for disc accuracy. European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines were followed for the interpretation of breakpoints [21] . They were also compared with V. cholerae N16961 and O395 as standard controls for resistance and sensitivity, respectively.
Polymyxin B (50 U ml À1 ) plate susceptibility assay
A single colony from a TCBS plate was inoculated in LB broth media for 4-6 h. One loopful of this culture was streaked on LB agar plates with polymyxin B (50 U ml
À1
) and incubated overnight at 37 C. A corresponding set of plates without polymyxin B were prepared to check whether the sensitive strains were viable and still capable of growing on LB agar plates [13, 22] .
DNA extraction and polymerase chain reaction (PCR) assays DNA extraction was carried out by the phenol/chloroform extraction method and diluted to the desired concentration for PCR and sequencing of nucleotides. Mismatch amplification mutation assay (MAMA) PCR was performed with respective primer sets (Table 1) to assure the ctxB, tcpA and rtxA genetic background [23] [24] [25] [26] .
Nucleotide sequencing analysis A total of 14 strains isolated during the different time frames of the study period, representing all the states, were selected for sequencing analysis to determine the nucleotide sequences of cholera toxin subunit B (ctxB), toxin-co-regulated pilin (tcpA) and repeats in toxin (rtxA). PCR was performed with the specific sets of sequencing primers given in Table 1 . PCR-amplified products were purified and both the strands were sequenced in an automated sequencer (ABI PRISM 3100 Genetic Analyzer, Applied Biosystems).
Accession numbers of the nucleotide sequences
The sequences determined in the study were deposited in GenBank under the following accession numbers: MH320505-MH320516, MH320541 and MH320542 for ctxB; MH320517-MH320528, MH320543 and MH320544 for tcpA; and MH320529-MH320540, MH320545 and MH320546 for rtxA.
RESULTS
Two hundred and sixty clinical V. cholerae strains isolated from various regions of India between January 2013 and August 2017 were confirmed for their typical oxidase-and string-positive characteristics. All the strains were positive in agglutination with polyvalent O1-specific antiserum along with monovalent Inaba-and Ogawa-specific antisera.
To differentiate between the classical and El Tor biotypes of V. cholerae O1, the VP test, haemolysis of sheep erythrocytes and susceptibility to polymyxin B were employed in this study. All the tested strains were positive for the VP test, as characterized by the production of acetylmethylcarbinol, which is the typical phenotypic indicator for El Tor strains. All of the VP-positive strains were also capable of agglutinating chicken erythrocyte, which is the unique characteristic of V. cholerae El Tor strains.
A recent study demonstrated that polymyxin B (50 U)-sensitive V. cholerae O1 El Tor strains completely replaced the resistant strains from March 2013 in Kolkata, India [18] . Hence we were interested in studying whether this new trait (polymyxin B sensitivity) has been disseminated to other parts of the country, and 260 strains from 12 Indian states were tested for polymyxin B sensitivity. Interestingly, 88.85 % of the isolates were polymyxin B (50 U)-sensitive, giving a zone of inhibition diameter of around 12 to 15 mm in the Kirby-Bauer disc diffusion method ( Table 2 ). The resistant strains showed a zone diameter of 10 mm compared to one of 8 mm for El Tor reference strain N16961 (Fig. 1) . The results were verified with a polymyxin B (50 U ml
À1
) plate susceptibility assay. All the strains showing a zone diameter of !12 mm were found to be growth deficient on plates containing 50 U ml À1 polymyxin B, like the classical reference strain O395. N16961 was used as control for the resistance phenotype that showed growth as a lawn. All nine strains tested from Assam showed resistance to polymyxin B, like the canonical El Tor biotype. We constructed a map of India and highlighted the places with three different colours based on their isolation patterns: yellow represented states with the polymyxin B-sensitive V. cholerae O1 strains; green indicated that both polymyxin B-sensitive and -resistant phenotype strains had been isolated; and red was used for states that only had resistant phenotype strains during the study period (Fig. 2) . The results suggest that the sensitive strain has been spreading over India and began to replace the resistant one completely in most places from 2016 (Fig. 3) .
We also studied the important virulence-associated genes ctxB, tcpA and rtxA of these V. cholerae strains, as these genes contained the specific single-nucleotide polymorphism in the Haitian cholera outbreak strains. All 260 V. cholerae strains that were studied yielded amplicons with Haitian variant-specific PCR primer pairs, but not with the classical/El Tor-specific primer pairs (Fig. 4) . To further confirm our PCR results, 14 representative strains, which yielded positive bands for the Haitian-specific ctxB, tcpA and rtxA gene, were selected for DNA sequencing. For sequencing, separate primer sets were used to cover the whole of ctxB and tcpA. Nucleotide sequence analysis of the 3 genes of the 14 representative strains of V. cholerae O1 revealed that the strains possessed DNA sequences that were identical to those of the Haitian variant strains. This indicated that 100 % of these strains had ctxB7 (Haitian ctxB), tcpA CIRS and rtxA containing mutations like the Haitian strains [23] [24] [25] [26] . ctxB F4 GTTTTACTATCTTCAGCATATGCGC 60 [24] ctxB Rv-Cla CCTGGTACTTCTACTTGAAACG 56 [23] tcpA F¢2 CCAGCTACCGCAAACGCAGG 56 [25] tcpA F1 CCAGCTACCGCAAACGCAGA 56 [25] tcpA El-Rev CCGACTGTAATTGCGAATGC 56 [25] rtxA F ATCGGAATGAGTGAGAAAGACC 54 [26] rtxA R2 TGTGAACCACGTCTGCT 54 [26] rtxA R1 TGTGAACCACGTCTGCC 54 [26] ctxB-F GGTTGCTTCTCATCATCGAACCAC 56 [37] ctxB-R GATACACATAATAGAATTAAGGAT 56 [37] tcpA-(F) GGTGACTTTGTGTGGTTAAA 55 [37] tcpA-(R) ATCGCCTCCAATAATCCGAC 55 [37] rtxAF¢ TACTTTAATGGTAACCGCGCT 54 [37] rtxAR CATTGTCACTGTACTTACGTC 54 [37] 
DISCUSSION
Pathogens are evolving continuously in the environment and they can influence disease by acquiring or losing genetic and phenotypic factors. V. cholerae has an uncanny ability to change its phenotypic and genotypic properties for better adaptation to the environment [1, 2] . Since the first appearance of the polymyxin B-resistant El Tor biotype, many reports have proposed that the El Tor biotype of V. cholerae, although well adapted to the environment, may be less pathogenic clinically as compared to polymyxin B-sensitive classical V. cholerae [1, 13] . The higher case-infection ratio led us to reach this conclusion. In other words, El Tor strains resulted in milder or asymptomatic infections, but with a higher infection rate [27] . Our previous findings showed that the El Tor strains assimilated some traits of the classical biotype [28] . These variant strains have better environmental fitness, like El Tor, combined with the production of classical-like cholera toxin, the toxin that cause more severe disease [29] [30] [31] . Recent decades have witnessed numerous important genetic changes in V. cholerae, which have resulted in subtle periodic changes in the epidemiology of global cholera, especially in Asia and Africa. Now it is retrieving another characteristic of the classical biotype, susceptibility to polymyxin B. These cryptic changes may lead them to cause the next pandemic in cholera history.
The El Tor biotype displaced the classical biotype of V. cholerae at the end of the 20th century, and this is considered to have been one of the largest evolutionary variations in the epidemiology of cholera. Now our study indicates the dissemination of El Tor V. cholerae strains that contain Haitian-like traits and produce classical cholera toxin all over India. Most of these strains (88.85 %) have lost an important El Tor biotype marker (polymyxin B resistance) and acquired a vital phenotype of the classical biotype (polymyxin B sensitivity). After the first emergence of El Tor strains in 1961, this alteration is a key incident in the history of cholera. A previous study demonstrated that El Tor strains are able to alter the lipid A of the outer membrane by adding glycine or diglycine residues to shield the negative charges and thus avoid the binding of cationic antimicrobial peptides (CAMP) in V. cholerae [16] . In fact, the addition of glycine to the lipid A of O1 El Tor and O139 strains provides a high level of CAMP resistance, whereas the O1 classical biotype, which does not have the lipid A modification machinery, is polymyxin B-sensitive [32] . Recently, a novel two-component system (VprA-VprB) has been reported to regulate the lipid A glycine modification and it controls the important biological signals associated with pathogenesis [16] . The histidine kinase, VprB, and its response regulator, VprA, act cooperatively and induce the expression of the almEFG operon. almEFG products are essential for glycine modification of lipid A [32] . Another recent study suggested that almEFG expression is positively regulated by CarR and the products modify lipid A by adding glycine and diglycine [17] . Hence, investigating these genes that have been reported to be involved in the modification of lipid A may explain the basis of the phenotypic change of recent V. cholerae strains with regard to polymyxin B.
All 260 V. cholerae strains demonstrated a unique mutation at the 58th nucleotide position (C to A) of ctxB that was identical to that of the Haitian variant ctxB, whose secreted mature cholera toxin was classical. These strains also possessed Haitian-variant tcpA and rtxA. These results indicated the dissemination of polymyxin B-sensitive V. cholerae O1 strains containing Haitian-like genetic traits in different parts of India within a short span of time.
The changes in the background of V. cholerae O1 strains need to be monitored in order to determine their implications in the fields of medicine and epidemiology. The profound effect of cholera caused by the newer variants could be felt across the poorer nations of Africa and Asia. These variant strains significantly escalate the rate of mortality due to cholera in most of these underprivileged regions, where good quality health facilities are limited [33, 34] . In the Angolan cholera outbreak of 2006, over 75 % of the provinces were affected, and in some provinces the case-fatality rate reached 30 % [35] . The mortality rate from cholera would increase even further if the new El Tor strains were to spread in countries with limited treatment facilities. In addition, these El Tor variant strains are causing cholera around the world, including the recent outbreaks in Haiti, Iraq, Yemen, etc. [3, 5, 36] .
Our previous study demonstrated that sequential evolution of the V. cholerae strains in Southeast Asia, including India, led to the emergence of an efficient form of Haitian V. cholerae, which has caused the devastating cholera outbreaks in different parts of the world [37] . The present study reports the spread of the newly emerged polymyxin B-sensitive V. cholerae strains harbouring Haitian variant traits in different parts of India, which needs to be monitored carefully. We are assuming that the strains are modifying their genetic as well as phenotypic attributes, probably to achieve better survival adaptability to the environment in combination with high virulence. So, active holistic surveillance is required to track the mode of distribution of the currently circulating polymyxin B-sensitive V. cholerae O1 strains in different endemic populations to comprehend their clinical and epidemiological consequences.
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